INTRODUCTION
Triggered by the success of cisplatin, metal-based anticancer therapy has immensely progressed in the scientific and clinical community over the last decades. 1, 2 Early observations that cisplatin treatment may lead to drug-resistance 3 and is often associated with severe side effects (e.g. nephrotoxicity, neurotoxicity, ototoxicity) 4, 5 fostered the development of different cytotoxic Pt(II) and Pt(IV) derivatives (e.g. carboplatin, oxaliplatin, satraplatin), [6] [7] [8] as well as of numerous antiproliferative agents based on other metals such as Ru 9 , Rh 10 , Cu 11 and Ag 12 . As a consequence, over the last years structure-activity relationships (SAR) of a plethora of metalbased compounds have been established, offering a useful perspective on the rational design of future metallodrugs. [13] [14] [15] [16] [17] [18] Notably, gold-based compounds have been successfully tested for their anticancer effects in vitro and in vivo. [19] [20] [21] [22] Among them, auranofin ([2,3,4,6-tetra-o-acetyl-1-thio-β-ᴅglucopyranosato-S-(triethyl-phosphine)Au(I)]), Ridaura®) -a linear mixed thiolato/phosphine Au(I) drug ( Figure 1 ) originally utilized to treat rheumatoid arthritis -was recently repurposed for its anticancer properties and is currently undergoing evaluation in three distinct clinical trials in US. 23, 24 To a lesser extent, gold compounds have also been evaluated as antimicrobial 25 , antimalarial 26 and anti-HIV 27 agents. Despite their apparently favorable biological properties, coordination Au(I) complexes are subjected to extensive reactivity in physiological conditions, including ligand exchange reactions and reduction to colloidal gold. In this context, organometallic chemistry offers a convenient way for the stabilization of the Au(I) center and "fine-tuning" of the complexes' physiochemical properties via the establishment of direct metal-carbon bonds.
Within this framework, in the last decade, N-heterocyclic carbene ligands (NHCs), with chemical properties that resemble phosphine ligands, 28 became of interest for medicinal applications, and since then, the research on organometallic Au(I) NHC complexes as potential antiproliferative agents increased strongly. 29, 30 Concerning the possible mechanisms of biological action, a considerable amount of studies outline gold-mediated apoptosis related to the inhibition of specific intracellular proteins and enzymes. 19, 20, 22, 31, 32 Among these, a prominent representative is the zinc-finger protein poly(adenosine diphosphate (ADP)-ribose) polymerase 1 (PARP-1) which can be efficiently inhibited by certain Au(III) and Au(I) compounds. 33, 34 Moreover, since their discovery as antiproliferative agents, various experiments on cancer cells revealed a variety of effects of Au(I) NHCs on cellular metabolism, including high increase of ROS formation and reduced mitochondrial activity, finally resulting in apoptotic cell death. Notably, most of these effects could be attributed to the strong and selective inhibition of the seleno-enzyme thioredoxin reductase (TrxR) by Au(I) NHC complexes. 33, 35 Thioredoxin reductases are homodimeric flavoproteins catalysing the NADPH-dependent reduction of thioredoxin (Trx), which is the major protein disulfide reductase in cells. 36 Mammalian TrxRs possess a conserved -Cys-Val-Asn-Val-Gly-Cys-catalytic site, which is also found in human glutathione reductase (GR), located in the FAD-binding domain of the enzyme, and a NADPH binding site. In addition, TrxRs contain a selenocysteine (Sec) residue at the C-terminal active site that is crucial for catalysis 37 and that distinguishes them from GR.
The thioredoxin system regulates crucial cell functions such as viability and proliferation. 38 Indeed, both TrxR and Trx appear overexpressed in certain cancer types, 39, 40 leading to the assumption that the thioredoxin system exerts a crucial role in tumor onset and progression, and that could be used as a pharmacological target. 41, 42 It is also worth mentioning that recently the biscarbene cationic complex [Au(9-methylcaffein-8-ylidene)2] + (AuTMX2, Figure 1 ) was reported to be a selective binder of telomeric Gquadruplexes (G4) by FRET DNA melting assays 43 , and the two caffeine ligands (guanine analogues) stabilizing the Au(I) centre were shown to associate to guanine moieties in G4 via -stacking interactions 44 . G4s are peculiar nucleic acid architectures adopted by guanine-rich DNA and RNA sequences, whose stability originates in the stacking of contiguous G-quartets (a planar and cyclic K + -promoted association of four guanines in a Hoogsteen hydrogenbonding arrangement). Currently, G-quadruplexes are intensively studied, because they are suspected to play important roles in key cellular events: being found in eukaryotic telomeres and in promoter regions of identified oncogenes. Their stabilization by selective small molecules is thus currently investigated as a mean to control key cellular events and as a novel anticancer strategy. 45 In the past few years, the number of studies on water-soluble and hydrophilic metal complexes has markedly increased to achieve novel anticancer agents. Although certain lipophilicity is crucial to cross (cancer) cell membranes, the hydrophilic character of a species is significant for in vitro investigations and efficient in vivo administrations correlating with enhanced bioavailability under physiological conditions. Therefore, studies on different metals, including Ru(II) 9,46-49 , Pt(II) 50, 51 , Ag(I) 52 and Au(I, III) 50,53-58 , coordinated to water-soluble phosphine ligands, e.g. 1,3,5-triaza-7-phosphaadamantane (PTA), 3,7-diacetyl-1,3,7-triaza-5- In this work, the synthesis and characterization of a series of hydrophilic N-heterocyclic carbene ligands functionalized with sulfonate and hydroxyl groups and their corresponding mononuclear Ag(I) and Au(I) complexes (Figure 1 ) is presented. In order to investigate the effect of multinuclearity on the biological activity, a dinuclear bis(NHC) Au(I) complex was added to the series. The Au(I) NHC compounds were tested as potential anticancer agents against ovarian cancer cell line 2008 and thoroughly investigated for their binding behaviour towards TrxR by various biochemical assays and mass spectrometry. Furthermore, the compounds' ability to induce ROS formation, as well as their potential to target G-quadruplex-DNA was investigated. 
RESULTS AND DISCUSSION

Synthesis and Characterization.
Starting from the sulfonated imidazolium salts a-d, three mono-(1-3) and a novel dinuclear (4) biscarbene Au(I) complexes have been synthesized (Scheme 1). The target compounds were obtained from an established two-step procedure consisting of the formation of silver carbene intermediates followed by the transmetalation to the Au(I) analogue. 60 Ligands a-d and the respective complexes 1 and 2 were prepared based on published procedures. [61] [62] [63] [64] [65] The synthesis of the Ag(I) precursors of 3 and 4 has been reported previously. [65] [66] [67] [68] However, to date no direct synthetic pathway for 3 has been published. In this study compound 3 was prepared by the straightforward reaction of the respective silver biscarbene complex and equimolar amounts of the transmetalation agent Au(SMe2)Cl. Complexes 3 and 4 were characterized by 1 H and 13 C NMR spectroscopy, ESI-MS and elemental analysis. As expected for this class of compound, 63 the Au-Ccarbene signals clearly appear around 180 ppm in the 13 C NMR spectra (see Fig. 2 , 4 in in solid state and dissolved in D2O for at least a month (no significant changes in the 1 H NMR spectra were observed).
Scheme 1. Synthetic pathways of sulfonated mono-and dinuclear Au(I) NHC complexes 1-4.
In addition, three novel monocarbene gold(I) complexes 8-10 featuring hydroxyl substituents were prepared (Scheme 2). The ligands e-g were synthesized in a two-step procedure starting from the neat reaction of 1H-imidazole and 1,2-epoxy-2-methylpropane. In contrast to the literature-known procedure by Yus et al. an excess of the epoxide was necessary at elevated temperature to yield 75% of 1-(1H-Imidazol-1-yl)-2-methylpropan-2-ol. 69 In the next step the latter was quaternized by iodomethane, 1-butylchloride and benzyl bromide, to obtain the respective imidazolium salts e-g, while f was firstly published by Martin-Matute et al. 70 Compounds e-g were then deprotonated in the presence of a slight excess of Ag2O under the formation of silver carbene complexes 5-7. The reactions were performed at room temperature in dry dichloromethane except for 5, where little acetonitrile is needed for complete dissolution.
After short reaction times (< 2 h) the ligand systems are fully converted to the silver complexes.
The transmetalation reaction was performed by using equimolar amounts of Au(SMe2)Cl, yielding the respective monocarbene Au(I) complexes 8-10 after 24 h at r.t. Compounds 8-10
readily dissolve in solvents such as MeCN, CH2Cl2, acetone and DMSO but are only slightly soluble in water (< 10 mg/mL). They are stable in air both as a solid and in solutions of acetonitrile and DMSO (no significant changes in the 1 H NMR spectra were observed) for at least one month.
The signals in the 1 H and 13 C NMR spectra of ligands e-g appear as expected. Typically, upon quaternization of the nitrogen atom of ligand precursor 1-(1H-Imidazol-1-yl)-2-methylpropan-2-ol the acidic proton signals at the C2 position are shifted downfield from 7.45 ppm to 8.73 ppm, 9.30 ppm and 9.10 ppm, respectively. In addition, the hydroxyl proton signals of e-g give sharp singlets in the range of 3.60 ppm -5.30 ppm. The assignment of these signals can be confirmed by the addition of one drop D2O to each sample in CD3CN which leads to their complete disappearance due to rapid hydroxyl proton exchange with deuterium.
The 1 H NMR spectra of silver complexes 5-7 display similar chemical shifts but, as expected, vary significantly in the absence of the acidic proton signal in the C2 position at 8.73 ppm (e), 9.31 ppm (f) and 9.78 ppm (g), respectively, for the silver species. In the 13 C NMR spectra the Ag-Ccarbene signals emerge in a narrow range from 184.51 ppm (5) to 181.36 (6) . Due to the temperature-dependent fluxional behavior of Ag(I) NHC complexes in solution, the carbene carbon signals appear each as sharp singlets instead of doublet of doublets (based on the coupling constants of the silver isotopes 107 Ag and 109 Ag) at room temperature. 71 The Au(I) NHC compounds 8-10 have also been characterized by elemental analysis, 1 H and 13 C NMR and ESI mass spectrometry. By means of 1 H NMR spectroscopy the hydroxyl protons can be observed as sharp singlets at 2.93 ppm (8), 2.96 (9) and 2.99 (10), respectively (see 
Studies of stability in solution.
Initially, the stability of the mono and bis(NHC) Au(I) complexes was investigated for 4 and 8.
For this purpose, the compounds were incubated at 37 °C in aqueous solution and aliquots for TOF-MS analysis were taken after 30 min and 24 h, respectively. In solution, complex 8 rapidly hydrolyses and the parent signal vanishes within a few minutes. Instead, a single mass signal was observed at m/z 505.1992, suggesting the formation of the biscarbene of the type [(L 1 )2Au] + (mtheor = 505.1878, Table S1 , supplementary material), where L 1 is the i PrOH-NHC ligand derived from e (Scheme 3, right). This mass signal is not observed in buffered solution (20 mM NH4CO3, pH 7.4) where the hydrolysis product of 8 seems to be stabilized by forming an ammine complex with the buffer component corresponding to [L 1 Au(NH3)] + found at m/z 368.1270 (mtheor = 368.1037, Scheme 3, left). Thus, the complex moiety [Au(NHC)] + remains unaltered at 37 °C for at least 24 h and, as expected, the mono-carbenic Au(I) complex is reactive towards nucleophiles (as in NH3) and is able to undergo chloride exchange reactions, which is promising for further enzyme inhibition assays. In contrast, the bis(NHC) complex 4 turned out to be exceptionally stable in aqueous solution and the parent mass signals ([(L 2 )2Au2] 2and [(L 2 )2Au2 + Na]with L 2 being the deprotonated ligand d) are the only detected signals from this compound in both aqueous and buffered solution for over 24 h (Table S1, Figure 5C ). 
Inhibition of isolated TrxR and GR.
In order to elucidate the reactivity towards the putative biological target, all Au(I) NHC complexes were initially in vitro evaluated for their inhibitory potential towards TrxR. The gold(I) compounds 1-4 and 8-10 were tested against both purified cytosolic (TrxR1) and mitochondrial (TrxR2) thioredoxin reductase according to established protocols as described in the experimental section. In addition, the inhibition of glutathione reductase (GR), which exhibits a closely related structure to TrxR but lacks selenocysteine residues was investigated to determine the selectivity of enzyme binding. In Table 1 the half maximal inhibitory concentrations (IC50) of the NHC Au(I) complexes for enzyme inhibition are reported in comparison to bench-mark gold(I) compound auranofin. Most strikingly, the monometallic bis(NHC) complexes 1-3 were less efficient and could inhibit cytosolic TrxR at much higher concentrations (4.8-23 µM) than the monocarbenic compounds 8-10 (0.018-0.073 µM). These results are in line with previously reported studies on other Au(I) NHC systems. [72] [73] [74] [75] This finding correlates to the results from the stability investigations where a biscarbenic compound proves to be less prone to nucleophilic attack than a monocarbenic complex. Due to the higher stability of the two organometallic Au-C bonds the gold complexes 1-3 are most probably impeded to undergo facile ligand exchange reactions with Cys and/or Sec residues in order to bind to TrxR. Interestingly, the bimetallic bis(NHC) gold complex 4 is slightly more potent at lower concentrations than its monometallic congeners 1-3, demonstrating that TrxR could be more efficiently targeted by doubling the amount of reactive gold centres. In comparison, the activity of TrxR is less influenced in the presence of the respective ligand d (4.8 µM)
demonstrating the necessity of the gold centres for inhibition of the seleno-enzyme.
Remarkably, the activity of cytosolic TrxR is efficiently inhibited by all three monocarbenic Au(I) complexes displaying IC50 values in the nanomolar range, comparable to auranofin, following the order of activity 9 > 10 > 8. Regarding the inhibition of mitochondrial thioredoxin reductase (TrxR2) the order of activity is slightly changed to 9 > 8 > 10. As expected, the inhibitory effect on both TrxR isoforms drops significantly by a 10-100-fold of magnitude, approximately, when treating with the metal-free ligand g instead of the respective complex 10.
In comparison, in all cases the activity of GR is inhibited at substantially higher concentrations (> 10 µM), indicating a preferential binding mode especially of complexes 4 and 8-10 for purified TrxR. a The reported values are the mean ± SD of at least three determinations.
Antiproliferative effects.
The compounds which show the strongest inhibitory activity towards TrxR Hence, these studies coincide well with the order of observed enzyme selectivity TrxR > GR (Table 1) as well as the determined cytotoxicity, which appears to correlate well with the TrxR inhibition by the gold compounds. 
MS studies on interactions with mixtures of amino acids and tripeptide GSH.
The mechanisms of action of metal-based therapeutic agents are at least partly dictated by the molecular reactivity of the respective agent. Thus, characterizing activation mechanisms and ligand exchange reactions especially under competitive conditions give insights into potential binding preferences in the cellular context. 79, 80 Previously reported studies, showed that the binding preferences of several organometallic and coordination Au(III) compounds with selenocysteine (Sec) correlate well with the inhibitory effect on TrxR and their antiproliferative activity. 81 The reported approach was further extended to two representative Au(I) NHC compounds, namely to bimetallic bis(NHC) 4 and the most cytotoxic complex 8. In order to investigate the binding preferences towards differently functionalized amino acids in a competitive manner, e.g. as in proteins, the complexes were treated with mixtures of Glu (carboxylic acid), His Figure 5C ). This observed exceptional stability towards nucleophiles is in accordance with the weak enzyme inhibition in 2008 cell lysates ( Fig. 3) and could substantiate the non-cytotoxic effect as described above (Fig. 2) . Figure 6B ). Notably, additional mass signals of gold adducts with selenocysteine as in [L 1 Au + Sec -2H] -(m/z = 518.0275, mtheor = 518.0284, Table S1 ) ( Figure 5B ) and [2(L 1 Au) + Sec -H] + (m/z = 870.1276, mtheor = 870.1372, Table S1) ( Fig. 6B ) are also observed. Therefore, it is suggested that complex 8 hydrolyses the chlorido ligand and interacts with both selenocysteines and cysteine, which is in accordance with the observed BIAM results. 
Interactions with G-quadruplexes by FRET melting assay.
In order to gain further mechanistic insights and inspired by our recent results that highlighted the exquisite G4-quadruplex selectivity of the bis(caffeine) complex AuTMX2 against telomeric G4-DNA, we subsequently investigated the properties of representative bis(NHC) complexes 2-4 and the most potent species 8 as G-quadruplex DNA stabilizers. 43 Experiments were performed with the most classically used G-quadruplex-forming oligonucleotide F21T, which mimics the human telomere sequence (FAM-d[ 5′ G3(T2AG3)3 3′ ]-TAMRA). The stability imparted by a ligand (expressed as ΔT1/2 values, in °C) is readily monitored through the modification of the FRET phenomenon (fluorescence resonance energy transfer) and enables an easy quantification of its apparent affinity for quadruplex-DNA. Thus, the compounds (1 M) were incubated with fixed amounts of G4 for 10 min at room temperature as described in the experimental section. The AuTMX2 complex was also screened for the purpose of comparison. in healthy kidney tissue, even higher than cisplatin, while being potent anticancer agents in vitro. 83 We suggest that, in order to improve gold NHC complexes selectivity, the robust carbene scaffold may be derivatized to conjugate the metal complex to targeting moieties, such as peptides and antibodies.
EXPERIMENTAL DETAILS
General. All synthetic manipulations were performed under an argon atmosphere using standard Schlenk techniques. Solvents were obtained water-free from an Mbraun solvent purification system. Deionized water (type II quality) was obtained with a Millipore Elix 10 UV Water Purification System. All other reagents were purchased from commercial suppliers and were used without further purification. All reactions including silver carbene compounds as reactant or product were performed under exclusion of light.
Ligand precursor 1-(2,4,6-Trimethylbenzyl)-1H-imidazole 84 and ligands 3- 66 The product is obtained as colorless solid (4.6 g, 75%). 1 started by addition of 1 mM GSSG and followed spectrophotometrically at 340 nm.
BIAM assay
TrxR ( 
MTT assay
Cell viability was determined with the 3-[4,.5-dimethylthiazol-2-yl]-2,.5-diphenyltetrazolium bromide (MTT) reduction assay. 2008 cells (1x10 4 ) were seeded in complete medium for 24 h.
Then, cells were washed and incubated in PBS/10 mM glucose for 1h in presence of increasing concentrations of gold compounds. At the end of the treatment, medium was removed and cells were washed and treated for 3 h at 37 °C with 0.5 mg/mL MTT dissolved in phosphate-buffered saline (PBS). Afterward, MTT solution was removed and 100 L of stop solution (λ0% isopropanol, 10% DMSO) were added to each well. After 15 min, the absorbance at 595nm and 690 nm was estimated using a plate reader (Tecan Infinite® M200 PRO). For MTT analysis, the experiments are the mean with SD of, at least, three different experiments, in replicates.
Determination of TrxR and GR activities in cell lysates
The human ovary 2008 cells were cultured in DMEM medium supplemented with 10% FBS and 1% penicillin/streptomycin (Invitrogen) at 37 °C in a humidified atmosphere of 95% air and 5% CO2. Cells (7x10 5 Samples were analysed on a Synapt G2-Si time-of-flight (TOF) mass spectrometer (Waters) by direct infusion (DI) at an infusion rate of 3 L·min -1 and averaged over 0.5 min. Mass spectra were acquired and processed using MassLynx V4.1 (Waters). The instrumental parameters were as follows: 2.5-3.5 kV capillary voltage, 120 °C source temperature, 180 °C desolvation temperature, 90 L·h -1 cone gas, 480-720 L·h -1 desolvation gas and 6 bar nebulizer. 
FRET melting assays
